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I. INTRODUCTION
T HIS paper investigates the properties of scalar wavefields radiated by a certain class of ultrawideband volume [three-dimensional (3-D)] sources to the scalar wave equation. The sources under consideration are found to be capable of radiating highly energetic short pulses in a selected (main) direction and low amplitude, long-duration pulses in other directions. In the frequency domain, we study the far-field radiation pattern as a function of both frequency and direction and parameterized by the width and depth of the source relative to the main beam direction. In the time domain, we study the directional dependence of certain time-domain features of the radiated field such as the energy, peak amplitude, and duration of the far-field pulse and the peak value of the first-time derivative of the far-field pulse.
The major goal of this research is to examine via analytical and numerical computations the role of the (3-D) spatial distribution of a source on the radiation performance. In this paper, we limit our detailed analysis to sources having the general canonical form given in (2) although the general theory applies to any continuously distributed volume source. The results obtained for this restricted class of sources provide insight about the possibility of optimizing-for constant source volume and input energy-the radiation (transmit mode) performance of general scalar, ultrawideband volume sources by a proper selection of the space distribution of the source. This work is related to previous findings in the areas of ultrawideband antenna characterization and optimization [1] - [9] . In particular, closely related to our discussion are the works of Baum [2] , Farr and Baum [3] and Farr et al. [4] in the area of time-domain antenna characterization and the work of Pozar et al. [6] concerning the optimization of general electromagnetic radiating systems confined within a spherical volume of finite radius.
Motivation for the research contained in this paper was provided partially by the work of E. Wolf [10] , [11] on the effect of source correlations on the spectrum of radiated fields. Indeed, Wolf's research and that presented here are both based on the fact that the spectrum of emitted radiation from a source depends on both the spatial structure of the source and the source's spectrum. In Wolf's research, the sources under consideration are random and this effect manifests itself as a modulation of the source spectrum by the spatialpower spectrum of the source. In the research presented here, we consider nonrandom sources and the effect reduces to a modulation of the source spectrum by the spatial Fourier transform of the source [see (8) ].
The high temporal-spatial resolution provided by sources of the type investigated here may find applications in various disciplines such as secure communication, remote sensing, and target detection, tracking, and identification, among others. A hypothetical target detection/tracking scenario is schematically illustrated in Fig. 1 , which depicts a target in the far-field region of the source (3-D antenna). High-range resolution (HRR) may be obtained in this application due to the radiation of far-field pulses of very short duration in the vicinity of the main direction (HRR performance). Excellent angular resolution, on the other hand, is provided by the variation with direction of both the peak amplitude and time duration of the far-field pulse. Thus, for example, targets in the main direction will produce short-duration high-amplitude returns while those in other directions will generate long-duration low-(instantaneous) amplitude returns. A correlation-detection scheme (matched filter) implemented in the time domain Fig. 1 . Scalar source with directionally selective ultrawideband/short-pulse radiation properties. The figure depicts the radiation of high-amplitude and short-duration pulses in the vicinity of the main direction and low-amplitude and long-duration pulses away from the main direction. Also depicted is a hypothetical target in the far-field region of the source, which serves to illustrate the high degree of temporal-spatial resolution available from this source in target detection/tracking applications.
would then yield high-angular resolution as well as high-range resolution.
We restrict our discussion to general radiating systems described in the space-time domain by the time-dependent scalar wave equation (1) where is the time-varying scalar wave field, is the medium wave speed, and is a 3-D (volume) source that is localized to some finite volume about the origin. We will assume that this source has the space-time separable form (2) where is the unit vector along the positive axis which, without loss of generality, we will take to be the main beam direction. We also normalize the space distribution so that (3) The class of sources defined in (2) represent a continuous distribution of point radiators, all of which radiate the same time signature , but with space-dependent strength . The progressive time delay has been employed in order to maximize the radiated power within a narrow angular region close to the main direction . The motivation for this source structure is provided by the possibility of building 3-D pulsed antenna arrays composed of identical elements that can be controlled via optical excitation (photoconducting antennas) [12] . GHz/THz photoconducting semiconductor wafers of the type described by Liu et al. [13] , [14] could, for instance, be grouped into a 3-D array and excited by an opticalpulse wavefront traveling in the main direction with the space-dependent amplitude being controlled both by the voltage bias applied to the wafers and by the optical fluence of the incident (excitation) optical wavefront. The model source defined in (2) can thus be viewed as an approximation to a 3-D distribution of such antenna elements excited by a space dependent amplitude and with progressive time delay .
II. THEORY
A. Frequency-Domain Analysis
The time-harmonic radiated wave field corresponding to the causal solution to (1) is given by [15] ( 4) where , , and is the Fourier amplitude of . In the far zone, the radiated field has the asymptotic form [15] ( 5) where is the radiation pattern in the direction defined by the unit radial vector and is given by (6) We now apply the relations above to the canonical source distribution defined in (2) . The Fourier transform of the source yields (7) where is the temporal Fourier transform of the excitation signal . Using (7) the radiation pattern reduces to (8) where (9) is the spatial Fourier transform of . Thus, for a given , the radiation pattern is equal to the product of the Fourier transform of the time-dependent amplitude with the spatial Fourier transform evaluated on a sphere of radius centered at . The spherical surfaces defined by are known as Ewald spheres and play a fundamental role in structure determination in X-ray crystallography and in inverse scattering and diffraction tomography. Here, we find that the radiation pattern for the model source defined in (2) is proportional to the spatial Fourier transform of the source's spatial distribution evaluated on a specific set of Ewald spheres, namely, those spheres centered at and whose radii are equal to the wavenumber of the field. This important observation allows us to evaluate the radiation performance of this class of sources using simple geometrical arguments in Fourier space. For example, the locus of points in space that are responsible for (far-field) radiation in a fixed direction , having polar angles , are seen to lie along the straight line , where and is a unit vector in the direction. The spherical angles defining this line are related to the observation angles via and the length of the vector is given by . Finally, we note from (8) that the radiation pattern in the main direction reduces to (10) where, without loss of generality, we use the source normalization in (3) . It follows that the far-field pulse in the main direction is precisely the excitation waveform .
B. Frequency-Domain Parameterization of the Radiation Pattern
Let and be the maximum longitudinal and transverse dimensions of relative to the forward direction (see Fig. 1 ). Nominal dimensions of the source's spatial Fourier transform are then and , respectively. We consider first the case of a wide source (broadside antenna) relative to the main direction , such that . For this case, the support region of the transform is narrow transverse to the main direction and broad along the main direction, as illustrated in Fig. 2(a) . For large , such that , the corresponding Ewald sphere [ -sphere in Fig. 2(a) ] intersects the effective support of only for observation directions in the vicinity of the positive axis, thereby generating significant far-field radiation only in the forward direction. For small frequencies, on the other hand, such that , the corresponding Ewald sphere intersects the effective support of also for observation directions near the negative axis [see -sphere in Fig. 2(a) ]. We conclude then, that for small frequencies, the radiation pattern has a backward radiating lobe in addition to the main lobe in the forward direction.
When the width of the main beam is controlled by the source's transverse dimension . In particular, it follows from Fig. 2(a) that , giving
The above expression provides an estimate of the main beam width for . The angular extent of the forward radiating lobe gradually expands as the wavenumber decreases from to , with virtually no identifiable forward radiating lobe for . For elongated sources (end-fire antenna) along the main beam direction (the axis) with , the spectral structure is sketched in Fig. 2(b) . In this case, the support of the transform is broad in the direction transverse to the main beam and narrow along the main beam direction so that there is no significant backward radiating lobe. The main beam width is controlled by the length parameter via , giving (12) which is valid for . For , on the other hand, one obtains a backward radiating lobe similar to the one previously mentioned for the case .
C. Time-Domain Analysis
The causal solution to the wave equation (1) is given by the well-known retarded Green function solution [15] (13) where, as before, . In the far zone we use , thus yielding (14) where the time-domain radiation pattern is obtained from via (15) Equation (15) is the time-domain analog of (6) and can be derived from this latter equation by direct Fourier inversion. The operation defined in (15) is a slant-stack transform of the source distribution. It involves projection of onto planes normal to the observation direction and stacking these projections with a linear time delay corresponding to a plane wave propagating in that direction. This operation is defined and explored in [16] .
For the special case of the source in (2), (15) reduces to (16) where is used to denote temporal convolution and where is given by (17) with being the Dirac delta function. can be interpreted as being the time-domain radiation pattern generated by an impulsive source (i.e., for the case where ). We shall refer to as being the time-domain pulsed radiation pattern. Clearly, the frequencydomain pulsed radiation pattern is simply the source's spatial Fourier transform evaluated on the Ewald spheres [see (8) ]. To simplify (17) for the time-domain pulsed radiation pattern, we use the vector introduced earlier. By using the identity we obtain
where is a Radon transform of , i.e., it is the projection of onto the line defined by the unit vector . A schematization of (18) is depicted in Fig. 3 , which shows the planes that lie perpendicular to the unit vector along which the projection is computed.
is shown in the left portion of the figure as simply the plot of the area of as computed along the various planes . The time-domain pulsed radiation pattern is shown in the right portion of the figure and is simply the Radon transform scaled by the quantity . 
D. Time-Domain Parameterization of the Pulsed-Radiation Pattern
Referring to Fig. 3 we see that if the source dimension in the direction is , then the pulse duration along the observation direction is given by (19) where, again, . The peak amplitude of the pulsed-radiation pattern, on the other hand, is given by (20) where is the maximum projection of the source's space distribution onto the axis. As the observation direction goes to the main direction and so that (21) in agreement with the frequency domain result in (10) .
In the vicinity of the main direction, and , hence, the source projections are taken in a direction , normal to the direction. Using also , we obtain the following approximate expressions for :
and (23) In summary, the far-field signal in the immediate vicinity of the forward direction is generated by projections of the source's spatial structure along directions nearly perpendicular to , whereas the signal in the backward direction is generated by projections of along the axis. Recalling that the peak amplitudes are proportional to the maximal projections along these directions [see (20)], it follows that an elongated (end-fire) source may exhibit better directivity properties than a flat (broadside) source.
III. SIMULATION RESULTS
In this section, we illustrate the theory developed in the preceding sections for the special case where the source spatial profile is uniform within a parallelepiped having transverse dimensions and length along the main beam axis (such that and .) To comply with the source normalization in (3), the source amplitude is equal to , where is the source volume. In order to compare the performance of different source geometries, we shall consider the volume (and, thereby, the source input energy) as fixed and then explore the properties of the radiation pattern as a function of the lengthto-width ratio . We will be especially interested in comparing the properties of the radiation pattern for flat or "broadside" sources versus elongated or "end-fire" sources . We will only consider the pulsed-radiation pattern, which corresponds to an excitation waveform equal to the delta function. This quantity is defined in the time domain in (15) and in the frequency domain by (8) with
. Results for arbitrary source excitation are obtained in the frequency domain by multiplication by the Fourier transform of the excitation signal and in the time domain by convolution with .
A. Frequency-Domain Results
From (8), we find that the frequency-domain pulsedradiation pattern of a parallelepiped source distribution evaluated in either the or planes is given by (24) where and is the polar angle. Fig. 4(a) shows the variation of as function of the normalized wavenumber and of the observation angle for an elongated (end-fire) parallelepiped distribution with . The corresponding plot for a flat (broadside) parallelepiped distribution with is shown in Fig. 4(b) .
As expected for both source geometries, the magnitude of the pulsed-radiation pattern in the main direction is frequency independent, which corresponds to the radiation of a unit amplitude delta function pulse in that direction (cf., (10) and the following discussion.) The pulsed-radiation pattern corresponding to the elongated (end-fire) source exhibits few lobes and a smooth variation with frequency and direction. In contrast, the pulsed-radiation pattern corresponding to the flat (broadside) source exhibits a nonmonotonic variation with direction along with numerous radiation lobes. Also observed in Fig. 4(b) is a strong backward radiation lobe in the region of low frequencies described in connection with Fig. 2 . This is the expected behavior since, at low frequencies, the phase shift in (7) tends to be insignificant for sources with reduced dimensions along the axis. Indeed, for flat source distributions, the limit yields symmetrical radiation in the forward and backward directions. Finally, we use (24) to explore the directional dependence of the half-power bandwidth of . Fig. 5 shows plots of the half-power bandwidth as function of for two parallelepiped source distributions with and , respectively. Elongated source distributions are found to exhibit, for a given , broader far-field spectrum than flat source distributions. This result may be explained in connection with Fig. 2-for a fixed , the frequency-domain pulsed-radiation pattern is obtained by the value of evaluated over the line intersecting the origin and oriented in the direction of the unit vector . For a given , the bandwidth of the far-field pulse is, therefore, proportional to the width of along this line. Recalling that , we may then approximate the bandwidth of the far-field spectrum for ; with reference to Fig. 2 , we obtain . It follows that for a fixed (vicinity of the main direction), elongated sources exhibit a broader far-field spectrum than flat sources.
B. Time-Domain Results
Again, we will consider the pulsed-radiation pattern in the major planes and . From (18) the pulsed- radiation pattern in a given direction is found from the projection of the source onto the direction . We conclude that has the trapezoidal shape shown in Fig. 6 , where , , and are given by
The energy radiation pattern , defined via (26) is readily found to be
Following the discussion given above in the frequency domain, we shall evaluate the pulsed-radiation pattern for different length-to-width ratios , assuming the same source volume (and, thereby, the same source energy).
Thus, putting and , we find that
and (30) Fig. 7(a) and (b) shows plots of the energy radiation pattern and of the peak-amplitude radiation pattern , respectively, for three cases: and (i.e., elongated, cubic, and flat distributions). The relatively strong backward radiation in the small case is expected since in the flat distribution limit the radiation is symmetrical with respect to the plane. Less expected is the stronger pulse energy and peak amplitude in the main beam direction, which is obtained for larger (i.e., narrower aperture case). In fact, one finds from (29) and (30) that for , respectively, where is the smallest value of used in these plots. For all the source distributions considered, the normalized patterns and are found to exhibit the same behavior for small , in agreement with (31) and (32).
Plots of for the cases , , and are shown in Fig. 8 . These plots reveal that the pulse duration follows a monotonic variation with for (elongated source) and that the pulse duration in the neighborhood of the main direction is shorter for larger . This important effect may be qualitatively explained with the aid of Fig. 9 , which schematically illustrates the "early" and "late" far-field wavefronts, respectively, responsible for the "early" and "late" components of the time signature of for (a) an elongated source and (b) a planar source. As schematically depicted in Fig. 9(a) , for elongated sources the early component of in the vicinity of the main direction is found to be generated by point-source elements located in the "left side" of the source distribution (point ), while the late component of is generated by pointsource elements located in the "right side" of it (point ). This effect is caused by the progressively delayed excitation of point-source elements along the main direction, which causes source elements in the neighborhood of to be excited at the same instant of arrival (at ) of a traveling spherical wavefront generated by point-sources close to . The time difference between the early and late times of (i.e., 
S(). (d)
The normalized peak-amplitude radiation pattern U () for the source distribution in Fig. 4 with impulsive excitation. Three length ratios are contrasted: L=a = 5, L=a = 1, and L=a = 0:2.
) for elongated sources thus becomes approximately equal to the difference of a progressive time-delay term (controlled via the excitation and given approximately by ) and a "spatial" time delay term , where is the projection of the source onto the direction at which the pulsed radiation pattern is computed [see Fig. 9(a) ]. This difference may be computed geometrically, thus yielding the approximate result for . The physical mechanism responsible for the early and late components of for planar sources is, on the other hand, completely different and gives rise to broader pulses in the vicinity of the main direction. As shown in Fig. 9(b) , in this case, the time duration of for is controlled only by the "spatial" delay term (shown in the figure) and is found to vary as for . The peak value of the first-time derivative of (slope pattern) is obtained directly from (25a)-(25c), giving (33) which behaves like (34) as . It follows that the slope pattern varies more sensibly with than either the energy or the peak amplitude patterns in the neighborhood of the forward direction. This result is in connection with the work of Harmuth [17] who pointed out the possibility of obtaining "super" angular resolution by implementing target detection/tracking algorithms based on the directional dependence of the peak value of the first-time derivative of the far-field pulse.
IV. CONCLUSION
We considered ultrawideband/short-pulse radiation from volume-source distributions. We assumed that all source elements are driven by the same excitation signal, but may have a different space-dependent amplitude. Furthermore, to generate collimated radiation, we also assumed that the source elements are excited with a progressive time delay in the direction of the main beam. The beam direction can, (a) (b) Fig. 9 . Radiation mechanisms that generate the "early" and "late" components of the time signature of the far-field pulsed-radiation pattern F 0 (r; t) in the vicinity of the main direction for (a) an elongated source and (b) a planar source.
therefore, be controlled electronically in terms of the relative time delays of the source elements.
We presented a framework for analysis of the relation between the pulsed-radiation pattern and the source's spatial distribution. It may be expressed in both the frequency and the time domains. However, the time-domain route in Sections II-3 and II-4 presents a direct geometrical relation between the pulsed-radiation pattern in terms of a radon transform of the source's spatial distribution taken along slanted planes that define a local reflection law between the main beam direction and the observation direction.
Several time-domain features (e.g., energy, peak amplitude, and slope patterns, as well as pulse duration) of the pulsedradiation pattern (i.e., for the case ) were studied in order to elucidate the role of the source's space distribution in generating highly directive pulsed beams. The results obtained show that a long but narrow distribution provides in the overall superior time-domain radiation performance (monotonic -dependence of both the energy and peak-amplitude patterns and better range resolution) than a wide-aperture distribution with the same volume and the same input energy. Nevertheless, we also found that the normalized energy, peak amplitude, and slope patterns exhibit, in the main beam region, the same behavior for flat and elongated distributions. This important result suggests that flat and elongated distributions provide indeed the same angular resolution when they are subjected to impulsive excitation, i.e., in the case . For elongated distributions, however, the main beam direction is already defined by the source axis, hence, they have limited performance in applications involving beam steering via elements delay. It seems, therefore, that a spherical volume distribution (or even a spherical surface distribution) would share the advantages of high-radiation efficiency, directivity, and multi-angle scanning.
Finally, it is important to mention that the results of this work apply only to the case of antennas in transmit mode. No information has been provided with regard to the transient response of the canonical 3-D source distributions considered under plane wave receive-mode operation. This subject will be addressed elsewhere.
